The initial entanglement shared between inertial and accelerated observers degrades due to the influence of the Unruh effect. Here, we show that the Unruh effect can be completely eliminated by the technique of partial measurement. The lost entanglement could be entirely retrieved or even amplified, which is dependent on whether the optimal strength of reversed measurement is stateindependent or state-dependent. Our work provides a novel and unexpected method to recover the lost entanglement under Unruh decoherence and exhibits the ability of partial measurement as an important technique in relativistic quantum information.
I. INTRODUCTION
Relativistic quantum information [1] , a combination of relativity theory and quantum information, is a rapidly developing new field of physics. It aims to blend together the concepts from relativity and quantum information, and understand them from each other's perspective. The latest research shows that a deeper comprehension of the quantum entanglement (or quantum correlations) in a relativistic frame is not only of interest to quantum information processing [2, 3] , but also plays a crucial role in understanding black hole thermodynamics [4, 5] and information paradox of black holes [6] [7] [8] [9] [10] [11] . Another exciting development in this field is that several quantum information experiments, such as the quantum communications between the Earth and satellites, are already approaching relativistic regimes [12] [13] [14] [15] [16] .
In relativistic quantum information, one of the most distinguished topic is how the entanglement and entanglement-involved quantum information protocols are affected by Unruh-Hawking effects [6, 17] . There are many literatures showing that entanglement is dependent on the observer's motion [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . When one of the partners of an entangled system undergoes uniform acceleration, the initial entanglement between the partners is degraded. The degradation of entanglement inevitably reduces the confidence of entanglement-based quantum information tasks (e.g., quantum teleportation [30] [31] [32] ). This phenomenon is directly related to the Unruh effect and usually known as Unruh decoherence. Particularly, the results show significant differences between bosonic and fermionic fields: the bosonic field entanglement vanishes asymptotically at the infinite acceleration limit while the fermionic field entanglement is * xieyingmao@126.com † liyanling0423@gmail.com ‡ jcwang@hunnu.edu.cn found never to be completely destroyed. This notable difference is usually attributed to the fermionic/bosonic statistics [20] . Although it was widely believed that the Unruh effect can only cause the degradation of entanglement shared between an inertial and an accelerated observer, the realistic results are more subtle. Montero and Martín-Martínez found that beyond the single-mode approximation (SMA) and for some particular initial states, net entanglement between inertial and accelerated observers could be created by the Unruh effect [33] . However, the created entanglement is rather limit and makes little contribution to relativistic quantum information processing. Note that the aforementioned discussions are restricted to consider the entanglement degradation in noninertial frames, while limited attention is paid to the protection or retrieval of the lost entanglement against Unruh decoherence.
In this paper, we propose a scheme to retrieve the lost fermionic entanglement by partial measurement in noninertial frames. Partial measurement (or weak measurement in some references [34] [35] [36] ) is associated with the positive-operator valued measure (POVM). By "partial", we mean that the wave-function doesn't completely collapse under this type of measurement. Hence, when needed, the initial state could be restored with some operations. In non-relativistic quantum information, partial measurement has been extensively demonstrated to protect the quantum entanglement from amplitude damping decoherence (energy relaxation from the excited state of a two-level system to its ground state) both theoretically [37] [38] [39] and experimentally [40] [41] [42] [43] . The key idea of these proposals for entanglement protection is based on the fact that partial measurement is not completely destructive and can be reversed by a series of operations named as partial measurement reversal with a certain probability. Here, we borrow this technique from quantum information and show that the lost fermionic entanglement could be retrieved from Unruh decoherence by utilizing partial measurement. Our proposal is arXiv:1702.03508v2 [quant-ph] 27 Aug 2017 universal for arbitrary initial states and also works for other types of quantum correlations, e.g., quantum discord [44, 45] .
The remainder of this paper is organized as follows. First, in section II A, we review the essential results of Unruh effect for Dirac particles as experienced by a uniformly accelerating observer named Rob. Despite the details could be found in ref. [20] , we point out that the Unruh decoherence for Rob is is equivalent to the antiamplitue damping decoherence. Consequently, it could be reformulated mathematically by Kraus operators. Then in section II B, we construct the proper form of partial measurement and partial measurement reversal to battle against the Unruh decoherence. Section III discusses the recovery of entanglement with the help of partial measurement. Particularly, we show two methods (i.e., state-independent and state-dependent) to obtain the optimal strength of partial measurement reversal, which are manifested in section III A and section III B, respectively. Furthermore, we demonstrate that quantum discord also can be retrieved by the same procedure, as shown in section IV. Finally, we summarize our results in section V. 
where m is the particle mass, γ µ are the Dirac gamma matrices, and ψ is a spinor wave function. The field can be expressed from the perspective of inertial and uniformly accelerated observers, which has been investigated in detail in [20] . Here we review the main results that are related to our following discussions.
The system of our scheme includes an inertial observer, Alice (A) and a uniformly accelerated observer, Rob (R). For the inertial observer, Minkowski coordinates (t, z) are the most appropriate choice of coordinates to describe the field. Then the field can be quantized by expanding it in terms of a complete orthonormal set of positive-and negative-frequency Minkowski modes ψ
where the wave vector k denotes the modes of massive Dirac fields. a † k , b † k and a k , b k are the creation and annihilation operators for the positive-and negative-frequency modes of momentum k that satisfy the anticom-
However, for the uniformly accelerated observer, Rindler coordinates (τ, ξ) should be employed for describing the viewpoint of a non-inertial observer. As shown in Fig. 1 , due to the eternal acceleration, Rob travels on a hyperbola constrained in the Rindler region I which is causally disconnected from region II. The coordinate transformation between Minkowski coordinates (t, z) and Rindler coordinates (τ, ξ) is given by at = e aξ sinh(aτ ), az = e aξ cosh(aτ ). In analogy to Eq. (2), the Dirac field in terms of the complete set of positive-and negative-frequency Rindler modes (solutions of the Dirac equation in Rindler coordinates) is given by
n † k ) denote the annihilation and creation operators for the Rindler particle and antiparticle, respectively, in the region n with n = I, II. They obey the usual Dirac anticommutation relations {c
The Minkowski and Rindler creation and annihilation operators is connected by the Bogoliubov transformation
where r = arccos √ 1 + e −2πω/a with a the Rob's acceleration. Note that r ∈ [0, π/4] as a ranges from 0 to infinity.
It is easy to see from Eq. (4) 
Similarly, the one-particle state is given by
Note that the observers in Rindler region I and region II are causally disconnected from each other. For Rob in region I, the mode II should be traced out since it is not observable. Therefore, the total effect of Unruh decoherence for a uniformly accelerated observer could be reformulated mathematically as a completely positive trace-preserving (CPTP) linear map. The corresponding Kraus operators are given as
It is straightforward to find that the form of Eq. (7) extremely resembles the amplitude damping decoherence which has been well understood in quantum optics and quantum information theory [46] . The only difference is the inverse arrangement of the elements of matrix. Thus, we call Eq. (7) as anti-amplitude damping decoherence.
With the above Eqs. (5) and (6) in mind, one can analyze the degradation of entanglement from the perspective of observers in uniform acceleration (cf. refs. [20, [25] [26] [27] ). However, in this paper, we show that the lost fermionic entanglement can be recovered in a probabilistic way via partial measurement and its reversal. The main idea of our scheme is illustrated in Fig. 1 , where we have considered the following scenario: (i) Alice (blue arrow) stays stationary, while Rob (red hyperbola) undergoes constant acceleration. Alice and Rob share an entangled state at the beginning. (ii) A partial measurement is performed on Rob before its acceleration (i.e, at time τ = 0). (iii) After Rob's acceleration (assuming Rob has instantaneously accelerated to the value a), the operation of partial measurement reversal is implemented by Rob in the region I.
B. Partial measurement and partial measurement reversal
Before discussions, let us first introduce the partial measurement and partial measurement reversal briefly. In contrast to the standard von Neumann projective measurement, which projects the initial state to one of the eigenstates of the measurement operator. Partial measurement is a generalization of the standard von Neumann projective measurement, usually known as POVM. The most significant advantage of partial measurement is that it doesn't completely collapse the initial state, thereby keeping the measured state reversible. The partial measurement could be formally written as
where
parameter p (0 p 1) is usually named as the strength of partial measurement. Note that M 0 and M 1 are not necessarily projectors and also nonorthogonal to each other. One may note that the partial measurement described by Eq. (8) slightly differs from the well-informed expression of partial measurement which is discussed in Refs. [36] [37] [38] [39] [40] [41] [42] [43] . This divergence stems from the different decoherence mechanism between amplitude damping decoherence and Unruh decoherence (anti-damping amplitude decoherence).
As one may expect, the more information is obtained from a quantum system, the more its state is disturbed by measurement. Intriguingly, the partial measurement of Eq. (8) only induces a partial collapse of quantum state, hence the initial state can be retrieved with a nonzero success probability by reversing operations on the postmeasurement state [47] . The procedure of reversal can be described by a non-unitary operator
where X = |0 1| + |1 0| is the bit-flip operation (i.e., Pauli X operation) and M 0 (q) denotes the same form of Eq. (8) by replacing p with q. Note that the Eq. 0 cannot be realized as an evolution with a suitable Hamiltonian, it can be achieved with certain probability by using another partial measurement. The second line of Eq. (9) indicates that the reversing process could be constructed by three steps: a bit-flip operation, a second partial measurement and a second bit-flip operation. The factor 1/ √ 1 − q is related to the non-unitary nature of the partial measurement, i.e., probabilistic. Therefore, the partial measurement reversal could exactly undo the partial measurement M 0 in a probabilistic way by properly choosing the parameter q.
III. RETRIEVING THE LOST FERMIONIC ENTANGLEMENT
Let Alice and Rob initially share the entangled state
where α 2 + β 2 = 1, α and β are real numbers. After the coincidence of Alice and Rob, Rob performs a partial measurement of (8) on his own particle. If the partial measurement is successfully carried out (with the probability 1 − p), the state of (10) reduces to
where N 1 = α 2 p + β 2 is the normalization factor and p = 1 − p. Note that the amplitude of the state |1 A |1 R is amplified due to the shrink of the normalization factor. As p approaches unity, the state |Ψ(1) is almost completely projected into the state |1 A |1 R , which is free from the Unruh effect.
Given that Rob undergoes uniform acceleration, the states |0 R and |1 R of Rob should be expanded as Eqs. (5) and (6) . Thus the state |Ψ(1) changes to
where the acceleration parameter r ranges from 0 to π/4 since 0 < a < ∞. As we illustrated in Fig. 1 , in order to remove the Unruh effect and recover the initial entanglement, a partial measurement reversal is performed by Rob in the region I. After the successful performance of partial measurement reversal, we obtain
with the normalization factor N 2 = α 2 p cos 2 r + α 2 pq sin 2 r + β 2 q and q = 1 − q. q is the strength of the second partial measurement. Since Rob is causally disconnected from region II, we must trace over the mode II, which results in a mixed state between Alice and Rob,
A. State-independent optimal partial measurement reversal
Let us now demonstrate how the partial measurement retrieves the lost fermionic entanglement. In order to quantify the shared entanglement between Alice and Rob, we use the concurrence [48] to measure the entanglement. It is defined as
where λ i , (i = 1, 2, 3, 4) are the eigenvalues, in decreasing order, of matrixρ = ρ(σ y ⊗ σ y )ρ * (σ y ⊗ σ y ); σ y is the Pauli spin matrix and the asterisk denotes complex conjugation. The concurrence varies from C = 0 for a separable state to C = 1 for a maximally entangled state. In particular, the concurrence, for the density matrix of Eq. (14) , is given by
It is straightforward to note that if no partial measurement and its reversal is involved (i.e., p = q = 1 and then N 2 = 1), our result immediately reverts to
which is the concurrence under pure Unruh decoherence, as shown in Ref. [20] . To achieve the maximum amount of entanglement between Alice and Rob, we have to choose the optimal reversing measurement strength q. An intuitive idea is to ensure that the final state is, wherever possible, close to the initial state.The quantum jump approach offers a solution (see details in the appendix). The stateindependent optimal reversing measurement strength is given as
where the subscript SI indicates the state-independent case. It is remarkable to notice that Eq. (18) is concise and state-independent (i.e., without involving the initial parameters α and β), which drastically releases the constraint conditions on experimental tests. Consequently, under the state-independent optimal partial measurement reversal, the maximally retrievable concurrence C opt SI turns out to be
From Eq. (19), we can draw an important conclusion that the strength of partial measurement p plays a crucial role in the maximally retrievable concurrence C opt SI . A careful comparison with the Unruh decohered concurrence C UD and the reversed concurrence C opt SI is presented in Fig. 2 . Unlike the results in Fig. 2(a) where the monotonic degradation of entanglement occurs due to the Unruh decoherence, Fig. 2(b) shows that partial measurement and partial measurement reversal can be indeed used for recovering the lost fermionic entanglement from decoherence. With given values of initial parameter α and accelerated parameter r, the larger p is, the more entanglement is retrieved. Particularly, in the limit p → 1, the initial entanglement shared between Alice and Rob could be almost completely retrieved. Moreover, according to Eq. (19), we notice that this conclusion is always valid regardless of the initial parameter α and the acceleration parameter r.
Since the partial measurement is not a unitary operation, the recovery of the lost entanglement is not deterministic but probabilistic. In the case of stateindependent optimal partial measurement reversal, the success probability is
In fact, a partial measurement is equivalent to a probabilistic state rotation with the rotation angle corresponding to the strength of the measurement. Therefore, the first partial measurement is intentionally performed to project Rob's state towards the 'lethargic' state |1 R which is immune to the Unruh decoherence. The closer the initial state is projected towards the 'lethargic' state, the larger the amount of reversed entanglement is finally obtained. Meanwhile, the success probability decreases. Thus, the trade-off between the large retrieved concurrence and low success probability should be carefully optimized in realistic scenario.
B. State-dependent optimal partial measurement reversal
Even though Eq. (17) seems feasible in practice since it is concise and state-independent (i.e., without involving the initial parameters α and β), it is not the most optimal one in mathematics. Note that one can find the most optimal reversing measurement strength that gives the maximal concurrence by varying q from 0 to 1. Numerical simulation suggests that the most optimal reversing measurement strength is state-dependent, as shown in Fig. 3(a) .
To demonstrate the power of state-dependent optimal partial measurement reversal, we make a comparison between state-dependent concurrence C opt SD and stateindependent concurrence C opt SI in Fig. 3(b) . As can be seen, C opt SD is always larger than C opt SI under the same initial conditions. This improvement is based on the complicated optimization of the reversing measurement strength q opt SD , which is usually unpractical in realistic situations. In addition, q opt SD is also dependent on the chosen entanglement measures, e.g., concurrence [48] , negativity [49] , logarithmic negativity [50] or others. Consequently, though the state-dependent optimal partial measurement reversal outperforms the state-independent optimal partial measurement reversal, we prefer to adopt the stateindependent method due to its convenience and universality.
Another important phenomenon should be emphasized is that C opt SD always approaches to 1 with p → 1, which is independent of the initial state parameters α and β. While C opt SI only tends to the initial entanglement 2αβ. At the first glance, one might conjecture that entanglement has been created by partial measurement and its reversal, which are local operations. We emphasize that it is just an illusion. From the Eq. (16), we find that the entanglement could not be created by local operations if there is no initial entanglement (i.e., α = 0 or β = 0). However, initial entanglement can be amplified because of the probabilistic nature of partial measurement [51] . The price we pay for the entanglement amplification is the little success probability. Alternatively, this result can be thought as entanglement distillation or entanglement concentration with a single copy of a partially-entangled state [52] [53] [54] . 
IV. RETRIEVING THE QUANTUM DISCORD
As an important measure of the correlations present in a multipartite quantum state, entanglement plays an essential role in both fundamental physics and quantum information processing. In the above analyses, we have focused on retrieving the lost entanglement under Unruh decoherence. However, other correlation measures such as Bell nonlocality, quantum discord, quantum deficit and measurement-induced disturbance are also widely used to measure the quantum correlations (please see more details in review [55] ). Particularly, the quantum discord usually reveals intricate and subtle behavior since it characterizes all the intrinsic non-classical correlations which may also be contained in separable states. In the following, we show that the technique of partial measurement and its reversal is also valid for recovering the lost quantum discord in non-inertial frames.
The quantum discord is usually defined as a difference between total correlations (i.e., quantum mutual information) and the classical correlations. Yet this definition is not convenient for computation since it involves the maximization of the classical correlations [56] . Here, we choose the geometric measure of quantum discord which could be calculated analytically. The state of Eq. (14) can be expressed in the Bloch basis, 
with λ being the largest eigenvalue of the matrix x x T + W W T . Since the maximum value of D G is 1/2 for twoqubit states, so it is natural to consider 2D G as a proper measure. Figure 4 shows how the partial measurement changes the geometric quantum discord. For each partial measurement strength p, the state-independent optimal reversing measurement strength q SI = 1 − (1 − p) cos 2 r was chosen. The monotonous decrease of 2D G as the acceleration increases means that the quantum discord decreases due to the thermal fields generated by the Unruh effect [58] . However, it is clear that the lost quantum discord can be retrieved by exploiting partial measurement and partial measurement reversal. Particularly, when p = 0.99, the quantum discord is almost completely recovered even under severe Unruh decoherence, in the expense of very low probability of success.
V. CONCLUSIONS
In summary, we have demonstrated that partial measurement and its reversal can indeed be useful for battling against the Unruh decoherence. The results show that the technique of partial measurement can not only retrieve the lost entanglement shared by an inertial and an accelerated observer but also may amplify it on the basis of adequate optimization of the reversed measurement strength. In view of the probabilistic nature of partial measurement, we attribute this entanglement amplification to the entanglement distillation with a single copy of a partially-entangled state.
Even though we have investigated the recovery of the lost ferimonic entanglement between an inertial and a noninertial observer, the generalization to the situations of retrieving multipartite entanglement and two uniformly accelerated observers is straightforward. On the other hand, our method could be extended to recover other types of quantum correlations, such as quantum discord. As a matter of fact, the state-independent strategy is not restricted to the specific quantity of entanglement or quantum discord, hence it can be exported to a huge variety of physical quantities, for instance, quantum coherence [59] or quantum Fisher information [60] under Unruh decoherence. The later aspect is of both theoretical and applied significance as the maintenance of quantum Fisher information is a central problem in relativistic quantum metrology [61, 62] and relativistic clock synchronization [63, 64] .
Note that in this work, we have considered a highly idealized scenario in which the Minkowski annihilation operator is assumed to be one of the right moving Unruh modes ( usually known as the SMA). Under this approximation, the influence of Unruh effect is equivalent to an anti-amplitude damping process, which could be eliminated by the partial measurement and its reversal. In general situations, the SMA may be not valid and some subtle phenomena stem beyond the SMA [24, 65, 66] To find the state-independent optimal partial measurement reversal, we start with the initial state (10) shared by Alice and Rob. The process contains the following steps: (1) Rob acts a partial measurement on his particle with the measurement strength p. 
− − →α p (cos r|0 A |0 I |0 II + sin r|0 A |1 I |1 II ) (A2) +β|1 A |1 I |0 II ,
− − →α p (cos r|0 A |1 I |0 II + sin r|0 A |0 I |1 II ) (A3) +β|1 A |0 I |0 II ,
− − →α p cos r|0 A |1 I |0 II + q sin r|0 A |0 I |1 II +β q|1 A |0 I |0 II ,
− − →α p cos r|0 A |0 I |0 II + q sin r|0 A |1 I |1 II +β q|1 A |1 I |0 II .
In order to retrieve the entanglement between Alice and Rob, we expect the optimal q makes the state of eq. It is interesting to find that the state of (A4) becomes closer to α|0 A |0 I + β|1 A |1 I with the increase of measurement strength p. Particularly, when p = 1, the initial entangled state between Alice and Rob is recovered. In this case, the optimal reversing measurement strength of eq. (A6) is irrelevant to the initial parameters α and β, so we call it state-independent partial measurement reversal.
